Anchoring complex component laminin-5 and its subunits laminin (Ln)-a3 and Ln-p3 chains, Type W collagen, and integrin chains a3, a6, and 84 were studied in developing and adult human intestine and compared with findings on Ln-a1 and Ln-a2 chains. In adult human duodenum, jejunum, and ileum, Ln-5 detected with a polydonal antiserum and Ln-a3 and Ln43 chains, detected with monoclonal antibodies (MAbs), were restricted to the epithelial basement membranes (BMs) of villi, whereas Ln-a2 chain was seen only focally in crypt bottoms. In double labeling experiments, the stretch of crypt BM corresponding to the proliferative cell compartment was found to be devoid of both Ln-a3 and Ln-a2 chains. Double labeling for Ln-5 and proliferating cell nuclear antigen also showed an abrupt onset of Ln-5 expression exactly at the upper edge of the proliferative cell compartment. Type W collagen was negligible in duodenum and showed a rising duodenal-ileal gradient localizing Supported by the Academy of Finland (IL), the Sigrid Juselius Foundation, Helsinki (EK), the Ida Montin Foundation, Helsinki (TT), and the National Institutes of Health (REB). Correspondence to: Ilmo Leivo, MD, The Haartman Institute, Dept. of Pathology, PO Box 21 (Haartmaninkatu 3), FIN-00014 University of Helsinki, Finland.
Introduction
The basement membrane (BM) plays a pivotal role in differentiation and maintenance of adult epithelial tissues (Adams and Watt, 1993) . In this respect, special interest has been devoted to laminins that appear to interact with cells through several cell surface receptors, the integrins, and other receptor proteins as well (Timpl and Brown, 1994; Albelda, 1993) . Laminins are heterotrimeric proteins, each consisting of one a-chain, or long-arm chain, one p-chain, and one y-chain, the latter also designated as short-arm chains (Burgeson et al., 1994; Timpl and Brown, 1994; Engvall, 1993; Tryggvason, 1993) . Thus far, at least seven different laminins (Lns) have been described, most of them having differential tissue-specific expression in BMs of various organs (Burgeson et al., 1994; Timpl and Brown, 1994) . Furthermore, distinct changes have been found in the expression of Lns during organ development (Glukhova et al., 1993; Simo et al., 1991; Ekblom et al., 1990) .
In adult human intestine, distinctly different domains can be distinguished in the epithelium. The crypt compartment contains the proliferative and the villous compartment the differentiated cell populations (Leblond, 1981; MacDonald et al., 1964; Lipkin et al., 1963) . In the intestine, both the epithelium and the mesenchyme appear to produce Ln chains for assembly of the epithelial BM (Simo et al., 1992; Trier et al., 1990; Weiser et al., 1990; Simon-Assmann et al., 1988) . Furthermore, Ln in intestinal BM appears to turn over slowly (Leblond, 1981) . Several studies have sug-gested that there are changes in the expression of BM proteins and their integrin receptors during intestinal development (Simo et al., 1991; Trier et al., 1990; Weiser et al., 1990) . Recent studies (Perreault et al., 1995; Beaulieu and Vachon, 1994; Simon-Assmann et al., 1994) with chain-specific monoclonal antibodies to laminin subunits (al, a2, PI, yl) have suggested that the BMs ofcrypt and villous compartments differ in their laminin composition, so that the BM of crypts contains Ln-2 and the BM of villi apparently only PI. yl) . It was suggested that cellular interactions with different Ln isoforms may be of importance for the differentiated state of intestinal epithelial cells, reflecting the presence of distinct functional domains of the intestinal epithelium.
We have shown earlier that the expression of Ln-5 (kalinin), rather than of Ln-1, closely corresponds to the differentiated surface domains of gastric epithelium (Virtanen et al., 1995b) . Here we show that Ln-5 (a3, p3, y2) may also be associated with migration and differentiation of intestinal epithelial cells, because it is expressed in BM of the villous compartment and exhibits abrupt enhancement of expression at the edge of the proliferative cell compartment.
Materials and Methods
Tissue Samples. Tissue samples of adult human intestine, representing tissues from duodenum (n = 6), jejunum (n = 5). and ileum (n = 7), were obtained from surgical specimens of the Jorvi Hospital (Espoo, Finland) and the Brigham and Women's Hospital (Boston, MA). Human fetal tissues were obtained from elective legal abortions performed because of severe maternal complications at the Jorvi Hospital with consent of the ethical committee of the hospital. The tissues were immediately frozen in liquid nitrogen and stored at -8O'C until used. All specimens were reviewed by a pathologist after routine hematoxylin-eosin staining.
Antibodies. The MAbs against Ln-a1 (4C7), Ln-a2 (merosin; 2G9), Ln-PI (3E5), and Ln-yl (2E8) chains have been previously characterized in detail (Ehrig et al., 1990; Engvall et al., 1990; Sanes et al., 1990; Leivo and Engvall, 1988) . The polyclonal antiserum against Ln-5 (kalinin, 4101), the MAbs BM-2 and BM-4 against the a3-subunit of Ln-5, and the MAb 6F12 reacting with the S3-subunit of Ln-5 have been described earlier (Marinkovich et al., 1992; Rousselle et al., 1991) . The MAbs NP-185 and 161-6 against the globular noncollagenous NC-1 domain of Type VI1 collagen have previously been described (Lunstrum et al., 1987; Sakai et al., 1986) . MAb Ki-67 (Dakopatts; Glostrup, Denmark) was used to assess proliferating cells in the intestinal mucosa (Brown and Gatter. 1990) . A human autoantiserum from a bullous pemphigoid patient was kindly donated by Dr. Peter Marinkovich (Stanford University; Palo Alto, CA) (Stanley, 1993) . A rabbit antiserum to human 230-KD hemidesmosomal plaque protein was from Dr. S. M. Thacher (Texas A&M College of Medicine, Houston, TX) (Thacher et al., 1991) . MAbs to a 3 integrin subunit were a gift from Dr. L. J. Old (Sloan-Kettering Center for Cancer Research, New York, NY) (MAb J143) (Fradet et al., 1984) . MAbs to a 6 integrin subunit (GOH3) were from Serotec (Hornby, Ontario, Canada). MAbs to P4-subunit were a gift from Dr. V. Quaranta (Scripps Clinic & Research Foundations, La Jolla. CA) (AA3) (Tamura et al.. 1990 ).
Indim Immunofluorescence. For IIF, frozen sections were cut at 5 wm, fixed in aceton, and precooled to -20°C. The sections were then exposed to the polyclonal antisera or to the MAbs. washed in PBS. and exposed to fluorescein isothiocyanate (FIE)-coupled goat anti-mouse IgG, goat antirat IgG, or goat anti-rabbit IgG (all from Jackson Immunoresearch; West Grove, PA). In double IIF experiments, the specimens were first exposed to the mouse MAb followed by the F I E conjugate, and then to the rabbit antiserum, followed by tetramethylrhodamine-coupled goat anti-mousc IgG antiserum (Jackson). Omission of the primary MAb or replacement with an irrelevant MAb served as controls for immunostaining. The specimens were mounted in buffered glycerol and examined under a Leica Aristoplan microscope equipped with appropriate filters.
Electron Microscopy. Samples of human small intestine for transmission electron microscopy were obtained from surgical specimens of the Department of Pathology, Brigham and Women's Hospital (Boston, MA). Fresh tissues were immediately fixed in freshly prepared Karnovsky's fixative at 4°C. The fibrillar morphology of the extracellular matrix and the contours of cell membranes were contrasted by treatment of fixed tissues with 2% tannic acid (Baker Chemicals; Deventer, Holland) in 0.1 M phosphate buffer, pH 7.2. for 30 min at room temperature. Samples were then postfixed in 1.5% 0~0 4 , dehydrated, and embedded in Epon. Thin sections were stained with 2% uranyl acetate and 2% lead citrate and were viewed in a JEOLlOOB transmission electron microscope at the Cutaneous Biology Research Center, Massachusetts General Hospital (Boston, MA). Care was taken to section samples parallel to the crypt-villous axis to permit uninterrupted observation of the ultrastructure along the entire length of the axis.
Results

Laminin Chains in Fetal Intestine
In samples of 17-to 19-week-old fetal intestine from the middle segment, corresponding to presumptive ileum, both Ln-5, as revealed by polyclonal antiserum ( Figure 1A) , and Ln-a3 and Ln-P3 chains as revealed by MAbs, were distributed along the entire epithelial BM, whereas BMs of intestinal smooth muscle and blood vessels were negative ( Figure 1A) . In contrast, immunoreactivity for Ln-a1 chain ( Figure 1B ) was found both along the entire epithelial BM and in smooth muscle BMs, as previously reported (Perreault et al., 1995; Beaulieu and Vachon, 1994; Simon-Assmann et al., 1994) . Weak immunoreactivity for Ln-a2-chain was detected variably in the BM of crypt bottoms (Figure IC), as also described (Perreault et al., 1995; Beaulieu and Vachon, 19%; Simon-Assmann et al., 1994) . In the 17-to 19-week presumptive ileum, however, no immunoreactivity for Type VI1 collagen was found by the use of two different MAbs ( Figure 1D ).
Laminin Chains in Adult Intestine
In indirect immunofluorescence of adult intestine, MAbs against Ln-a3 chain gave strong linear immunoreactivity in the epithelial BM of villi in both duodenum ( Figure 2A ) and jejunum ( Figure  2B ), as well as in ileum ( Figure 2C ). The epithelial BM in the crypt compartment, however, presented no or only negligible immunoreactivity (Figures 2A-2C ). MAbs to Ln-P3 chain revealed a similar pattern of immunostaining throughout the different segments of small intestine, as demonstrated in duodenum ( Figure 2D) .
Double indirect immunofluorescence (IIF) staining was used to demonstrate the differential localization of Ln-5, as revealed by a polyclonal antiserum, and Ln-a1 chain, as revealed by MAb 4C7. In duodenum ( Figure 3A ), jejunum ( Figure 3C ), and ileum (Figure 3E) . immunoreactivity for Ln-5 was confined to the epithelial BM of the villous compartment, whereas immunoreactivity for Ln-a1 chain was found variably in the epithelial BM of both villous and crypt compartments in all segments of the small intestine, including particularly prominent reactions in crypt bottoms in the duodenum ( Figure 3B ). Double immunostaining with a polyclonal antiserum to Ln-5 and MAb to Ln-a2 chain illustrated the expression of the two BM proteins in different compartments of the cryptvillous axis. The distributions of these laminins, however, were not directly reciprocal, because Ln-5 was confined to the villous compartment and it did not extend to crypts (Figures 3C and 3E ) and the Ln-a2 chain in duodenum and jejunum was confined to crypt bottoms ( Figure 3D ). Consequently, a stretch of epithelial BM in the upper part of crypts was devoid of both Ln-5 and Ln-a2 chains and appears to contain Ln-a1 chain as the only Ln-a chain studied presently. Furthermore, double staining for Ln-5 and proliferating cell nuclear antigen in duodenum ( Figures 3G and 3H ) and jejunum (Figures 31 and 3J ) revealed that the upper edge of the proliferative cell compartment exactly co-localized with the area of abruptly emerging strong immunoreactivity for Ln-5 in the epithelial BM. Expression of these laminin chains in the different segments of small intestine is summarized in Table 1 .
Type VII Collagen in Adult Intestine
Because Ln-5 in the epidermal BM participates in the formion of distinct anchoring complexes, together with the anchoring fibril protein Type VI1 collagen (Gerecke et al., 1994; Jones et al., 1994; Rousselle et al., 1991) , we chose to compare the distributions of the two also in the intestine. In the duodenum, MAbs to the NC-1 domain of Type VI1 collagen disclosed no or only negligible focal staining ( Figure 4A ), whereas in jejunum distinct positivity was seen in the epithelial BM along the lower part of the villous compartment ( Figure 4C) . A different picture emerged in the ileum, however, where prominent staining was seen in the epithelial BM in most of the villous compartment, including the tips of villi (Figure 4E) . Compared to the linear and even staining pattern of Ln-5 in the epithelial BM, staining for Type VI1 collagen appeared as an interrupted line of stitches and fine dots. This was particularly evident in areas of tangential sectioning, where the line of BM staining broke into a broad band of small dots (for ileum; see Figure  4F ). The crypts, and particularly their bottoms, showed negligible or no immunostaining for Type VI1 collagen (Figures 4A, 4C, and  4E) . Double IIF experiments with polyclonal antiserum to Ln-5 (Figure 4D) and MAb to Type VI1 collagen ( Figure 4C ) revealed a close co-distribution of the two in the bases of jejunal villi and in the ileum (not shown). On the other hand, prominent expression of Ln-5 but almost no Type VI1 collagen was observed in the tips of jejunal villi (Figure 4D) and, of course, in the duodenum ( Figure  4B ) (see Tiable 1).
Hemidesmosomal Proteins and Electron Microscopy
Two different antisera to hemidesmosomal plaque proteins were used to stain human intestinal tissues. Neither antiserum gave any staining of the intestinal BM zone (Figure 5C ), although both demonstrated clear immunoreactivity in the skin epidermal BM zone, suggesting that hemidesmosomal proteins are absent from intestinal epithelial cells. MAbs to a3-integrin ( Figure 5A ), a6integrin (not shown), and b4-integrin ( Figure 5B ) subunits strongly stained the entire intestinal BM, without apparent differences in intensity between the villous and crypt compartments. The ultrastructure of human ileum was studied in transmission electron microscopy with samples sectioned so that an intact crypt-villous axis and a continuous epithelial BM could be visualized directly. In electron miscroscopy, the villi contained a thin epithelial BM that intimately followed the uncomplicated contours of basal surfaces of the epithelial cells. Frequent fine anchoring filaments emerged perpendicularly from the lamina densa and inserted at almost straight angles into the epithelial cell membrane ( Figure 6A ). The anchoring filaments appeared to be distributed uniformly along the electron-lucent cleft between the basal lamina and the plasma membrane, with no clustering or focal convergence of filaments in any area ( Figure 6A) .
No plasmalemma1 densities were detected at the insertions of anchoring filaments, and the inside of the plasma membrane also appeared smooth. Therefore, no hemidesmosomal plaques or any other densities were seen in any area along the crypt-villous axis ( Figures 6A and 6B ; for comparison see inset in Figure 6B ). The cytoplasmic cortical actin network was evenly distributed, and no projections of intermediate filaments towards the plasma membrane were apparent in the epithelial cells ( Figures 6A and 6B) . Therefore, the ultrastructural organization of matrix attachments of intestinal epithelial cells bears some resemblance to the anchoring complexes of epidermal basal cells, with the notable exception that the intestine is devoid of hemidesmosomes.
Discussion
This study describes the expression of anchoring complex components Ln-5 and Type VI1 collagen in the various segments of the small intestine. Prominent expression of Ln-5 in the intestine is of particular interest because this laminin has previously been reported only in BMs of stratified epithelia facing the external environment and exhibiting typical anchoring complexes (Utani et al., 1995; Gerecke et al., 1994; Rousselle et al., 1991) . We report abundant Ln-5 in the epithelial BM of the villous compartment but almost none in the crypt compartment. In the small intestine, epithelial cells of the crypt bottoms, including Paneth cells, are nondividing and fairly sessile. The proliferative cell compartment, on the other hand, is located somewhat higher in the crypt wall and displays intensive cell division, with subsequent migration upwards to the villous compartment at which differentiated enterocytes undergo apoptosis at the tips of villi (Gordon and Hermiston, 1994; Eastwood, 1977) . The abrupt onset of Ln-5 expression exactly at the upper edge of the proliferative cell compartment is duodenum (A,B) . jejunum (C.D). and ileum (E.F). Immunofluorescence staining for Type VI1 collagen (A,C,E.F) using MAb 161-6 and FlTC conjugate. Double indirect immunofluorescence staining with polyclonal antiserum to Ln-5 (6.D) followed by TRITC conjugate. (A) No or negligible focal reaction for Type VI1 collagen is seen in any part of epithelial BM. (C) Type VI1 collagen is restricted to epithelial BM at bases of villi (long arrows), with none seen at the tips (short arrows). (E) Distinct, partly noncontinuous reaction for Type VI1 collagen is seen in epithelial BM of villi (long arrows), including their tips (short arrows). No fluorescence is seen in crypts (arrowheads). Some autofluorescence outlines elastic fibers in submucosa. (F) Type VI1 collagen in BM zone shows a dotty pattern (arrows) in a grazing part of section. Bars = 20 pm. remarkable because it coincides with a number of functional changes in the epithelial cells that lead to active cell migration and differentiation into enterocytes (Gordon and Hermiston, 1994) . Furthermore, the accurate co-distribution of Ln-5 with the compartment of migrating and differentiating enterocytes parallels our recent observations in the gastric mucosa (Virtanen et al.. 1995b ) and suggests an association of Ln-5 with basement membranes of migrating and differentiating epithelial cells in different parts of the gastrointestinal tract.
It has previously been reported that Ln-a1 and Ln-a2 chains show a reciprocal distribution in the small intestine (Beaulieu and Vachon, 1994; Simon-Assmann et al., 1994) . However, double immunolabeling with antibodies to Ln-chains and Ki-67 antibody enabled us to show that the stretch of BM corresponding to the proliferative cell compartment lacks both Ln-a2 and Ln-a3 chains, and appears to express Ln-a1 chain only. In contrast, the proliferative cell compartment of the stomach displays overlapping expression of Ln-a2 and Ln-a3 chains (Virtanen et al., 1995a) . The func- tional significance of such overlap or the lack of it is not known at present. However, the two systems differ, in that proliferating cells in the intestine migrate predominantly upwards, whereas cell migration in the gastric mucosa proceeds both upwards to the surface and downwards to the glands (Karam and Leblond. 1993a. b) . In this context, it is intriguing that the distribution of the Ln-a1 chain in both intestinal and gastric (Virtanen et al., 1995a) epithelial BMs matches with the target areas of epithelial cell migration. Furthermore, our results indicate that almost no Ln-a1 chain is expressed in crypt BMs in jejunum and ileum. However, distinct Ln-a1 chain was seen in duodenal crypt BMs, confirming earlier reports (Beaulieu and Vachon, 1994; Simon-Assmann et al., 1994) .
In this respect, duodenum resembles the stomach more closely than jejunum or ileum, and the reciprocal distribution of Ln-a1 and Ln-a2 chains along the intestinal crypt-villous axis (Beaulieu and Vachon, 1994; Simon-Assmann et al., 1994) does not apply there.
The expression of Ln-a1 and Ln-a2 chains in the 17-to 19-week fetal intestine is similar to that in adult intestine, suggesting that the functions of these Ln chains in intestine are already established at this stage. On the other hand, the presence of Ln-5 along the entire crypt-villous axis and the absence of Type VI1 collagen is interesting because the 17-19-week fetal intestine still lacks compartmentalization of proliferative cells (Louvard et al., 1992) .
The validity of the described immunohistochemical results is, of course, dependent on the specificity of the immunological reagents. The antibodies to Ln-5 are monospecific, as judged by West-ern blots of extracts from various tissues, including those in which the newly described h -a 4 (Iivanainen et al.. 1995) and Ln-aS chains (Miner et al., 1995) were identified (Champliaud, Amano, and Burgeson, unpublished results) . Likewise, only the expected products have been recovered after immunoprecipitation from the medium of both epithelial and mesenchymal cell lines. However, MAb BM-2 does show reactivity with endothelial basement membranes when used at high concentrations. The antigen recognized is unknown, but it is likely to be in the Ln-a4 chain. The crossreactivity is weak and is not likely to be observed at the antibody concentrations used in these studies. Ofcourse, we cannot exclude the possibility that the antibodies also crossreact with yet unknown proteins that share an identical electrophoretic migration position with the target antigen.
In cryostat sections, the pattern of staining for Ln epitopes, as well as the lack of staining, is generally believed to reflect the true tissue distribution of Ln antigens (Ekblom et al., 1990; . Studies using unmasking enzyme digestions or redox reactions (Horikoshi et al.. 1988; Leu et al., 1986) have revealed no masking of Ln antigens in cryostat sections. In our study, consistent results of staining for Ln-5 were obtained with four different antibodies, strongly suggesting that the results reflect an accurate distribution of the antigen.
Our finding of a3-integrin in crypt bottoms of the small intestine agrees with the results of Choy et al. (1990) but contradicts the study of Beaulieu (1992) , who did not find a3-integrin in this location. In our previous studies (Virtanen et al., 1995a) , a3-and D4-integrins in the surface epithelium of the gastric mucosa colocalized with Ln-5, whereas all three were absent from the deep glandular areas. In this respect, the intestine differs from the gastric mucosa, suggesting to us that a3-and p4-integrins in intestinal epithelial cells may have a different role.
Our finding of distinct expression of Type VI1 collagen in the intestine is noteworthy because previously this protein had been reported absent (Leigh et al., 1987) or showing only weak focal presence (Wetzels et al., 1991) . Direct comparison of the latter studies with ours is difficult because these authors used a different source of antibodies and failed to specify the segment of intestine studied. The latter detail is important because our results show a rising gradient of Type VI1 collagen from duodenum to ileum. Including the present data, Type VI1 collagen has been found only in BMs that also contain Ln-5 and display typical anchoring complexes (Gerecke et al., 1994; Wetzels et al., 1991) . Perhaps the assembly of Type VI1 collagen into anchoring fibrils is influenced by other components of anchoring complexes, such as Ln-5. Consistent with this hypothesis, the NC-1 domain of Type VI1 collagen was recently found to bind directly to a short-arm domain of laminin-5 (Rousselle et al., manuscript in preparation). In any case, our results suggest that intestinal villi display areas at which Ln-5 is present without Type VI1 collagen, thus constituting an exception to the usually tight co-expression of anchoring complex proteins in BMs. In addition, the dotty interrupted pattern of Type VI1 collagen in the intestine clearly differs from the strong linear staining in skin and suggests that Type VI1 collagen is focal in the intestinal BM.
In skin, anchoring fibrils containing Type VI1 collagen (Sakai et al., 1986) stabilized the adherence of basal lamina to the interstitial matrix, as evidenced by the appearance of sub-basal lamina blisters in patients with defects in anchoring fibrils (see Uitto et al., 1994, for review; Bruckner-Tuderman et al., 1989; Kawanami et al., 1978) . Similarly, Type-VI1 collagen in intestinal villi, where rapid cell migration occurs, could increase the stability of this BM against mechanical strain.
The existence of hemidesmosomes in the intestine has been a somewhat controversial issue because they are mentioned in many biology textbooks. There is sporadic support for this point in the literature (Weber, 1987) , whereas other authors categorically deny their presence in the intestine (Jones et al., 1994) . We therefore chose to look specifically for hemidesmosomes in the human ileum using transmission electron microscopy, but could not find any. This result is also in agreement with the present lack of staining with antisera to hemidesmosomal proteins, as also reported by others .
In skin, hemidesmosome-associated transmembrane proteins, including a604 integrin, are believed to interact with Ln-5 in anchoring filaments (Niessen et al., 1994; Jones et al., 1991; Sonnenberg et al., 1991) . Stratified epithelia, such as the epidermis, esophagus, and bronchial and bladder epithelium, which express Ln-5 in their BMs, also regularly display hemidesmosomal plaques (Gerecke et al., 1994) . However, the present results indicate that the presence of hemidesmosomes is not a prerequisite for binding of epithelial cells to BMs containing Ln-5. Cell adhesion receptors in the intestine, such as a& integrin (Niessen et al., 1994) , apparently do not depend on the other hemidesmosomal proteins to perform their functions. Interestingly, Ln-5 gene expression is upregulated in migrating epithelial cells in wound healing in vivo (Ryan et al., 1994) . and migration of epithelial cells in culture is enhanced by Ln-5-like scatter factor (Kikkawa et al., 1994; Miyazaki et al., 1993) or Ln-5 (Nishiyama et al., 1995) on the substratum. Hemidesmosomes are presumed to be quite stable supramolecular complexes Uones et al., 1994; Owaribe et al.. 1930; Schwarz et al., 1990) . consolidating the anchorage of epithelial cells under circumstances in which lateral cell migration is not desirable. In the intestine, however, such stable complexes might hamper the busy traffic of epithelial cells. In the absence of hemidesmosomes, therefore, cell migration proceeds effectively along an Ln->-containing substrate.
